In 1946, Metz described what was probably the first practical impedance bridge for measurement of the acoustic reflex. Over the next four decades, diagnostic use of the acoustic reflex progressed in parallel with instrumentation refinements. Today, acoustic reflex threshold and decay testing are a routine component of the diagnostic audiology test battery. Recent advances in the measurement of suprathreshold latency and amplitude have further enhanced the diagnostic value of acoustic reflex measurement.
In 1975, Sanders (1) summarized his experience with immittance audiometry by writing that "it is rapidly being recognized as one of the most significant contributions since the development of the pure tone audiometer" (p. 122). One wonders if Otto Metz ever envisioned what was to become of his pioneering work in the clinical measurement of middle ear impedance. The story of modern clinical immittance audiometry began in Copenhagen in 1946 with Metz's now classic monograph (2) on the use of impedance measurement in otological diagnosis. It progressed over the next four decades as the result of a fascinating blend of technological advancement and clinical intuition and implementation. It continues today with immittance audiometry enjoying the status of an integral and routine aspect of diagnostic audiology.
AN HISTORICAL PERSPECTIVE

The Metz Test
In 1946, Metz (2) described an electromechanical method for detecting relative changes in middle ear acoustic impedance. His work was based on that of many predecessors who studied middle ear mechanics and the acoustic reflex from a basic scientific approach. Metz was among the first to see the clinical potential for middle ear impedance measurement. In his time, the main diagnostic question was the "differential diagnosis between sound conduction and perception deafness" (p. 1 1) . The purpose of his work was to develop an objective measure of middle ear function and use it as a clinical tool for diagnosing middle ear disorder.
The instrumentation that he developed was probably the first practical impedance bridge. It was based on electromechanical principles, and consisted of a long pipe, on either end of which was an impedance to be compared. One end contained both a variable resistance and a variable reactance, and the other end was inserted into a patient's ear. An acoustic driver in the middle of the pipe delivered sound to both sides. At equal distance from the center of the main pipe was a Y-shaped pipe that directed sound from either side of the driver to a rubber listening tube. The examiner inserted the tube into his own ear and adjusted the variable resistance and reactance. When impedances on the ends of the pipe were equal, the sound in the listening tube was nulled since the sound waves coming from both sides of the pipe were 180" out of phase. Thus, the examiner adjusted both the resistance and reactance until he could no longer hear sound emanating from the tube. To detect presence of an acoustic reflex, a signal was presented to the patient's other ear. If a contralateral reflex occurred, eardrum impedance changed, the null was voided, and the examiner once again heard sound through the tube. Acoustic reflex thresholds were reliably measured in this manner. Metz later (3) expanded his initial work. Among other findings, he reported that, in ears with sensorineural hearing loss and loudness recruitment, acoustic reflex thresholds occurred at lower sensation levels (SL) than in normal ears. This acoustic reflex measure of recruitment was to eventually become known as The Metz Test. At the time, the discovery of an objective measure of recruitment was not particularly interesting to very many people. Due to practical instrumentation constraints, it remained little more than a laboratory curiosity for many years.
The Electroacoustic Bridge
In the late 1950s in Denmark, Terkildsen and ScottNielsen (4) pioneered development of an impedance bridge based on electroacoustic rather than electromechanical principles. Their work marked a major advancement in instrumentation for the measurement of middle ear impedance. The electroacoustic bridge permitted measurement of magnitude and phase angle of acoustic impedance of the eardrum and significantly enhanced the potential practicality of acoustic reflex measurement. Based on these developments, a commercially available bridge, the Madsen ZO 6 1, was introduced. Early investi36s Acoustic Reflex in Diagnostic Audiology 37s gations with this bridge were carried out almost exclusively in Scandinavian countries and focused on relative changes in middle ear impedance and normal aspects of the acoustic reflex.
The Electromechanical Bridge
Concurrent developments in the United States in the late 1950s were based on the work of Zwislocki (5, 6) . He developed an electromechanical bridge that was designed to measure both resistive and reactive components of the absolute impedance of the middle ear mechanism. A commercially available bridge based on electromechanical concepts was then introduced by Grason-Stadler. Because the technique relied on very careful measurement of earcanal volume and was cumbersome to adjust, it was not very practical clinically, and its use was fairly restricted to the laboratory. Nevertheless, use of the Zwislocki bridge eclipsed that of the electroacoustic bridge for impedance research activity for a number of years.
Throughout the 196Os, activity related to the measurement of acoustic reflexes for clinical diagnostic purposes was limited. Instead, emphasis was placed on absolute impedance for identification of middle ear disorder. The diagnostic question of interest throughout this period, at least for the application of impedance measurement, was the objective differentiation of otosclerosis from ossicular discontinuity. Research was directed at the use of absolute impedance for this purpose, and acoustic reflex measurement was largely ignored.
Tympanometry in Children
In the late 1960s, clinical use of impedance measures, based on electroacoustic principles, began to emerge in the form of tympanometry. Liden et a1 (7) in Gothenburg began work on the dynamic characteristics of the tympanic membrane that led to the modem technique of tymbanometry. Brooks (8), in England, and Alberti and Kristensen (9) , in Canada, demonstrated that impedance audiometry could be a practical clinical tool and that it was particularly useful for identifying middle ear disorder in children. These pioneering efforts expanded the clinical potential of impedance measurement and resulted in activity that would ultimately lead to the practical application of acoustic reflexes.
The Acoustic Reflex in Retrocochlear Pathology
Until the late 1960s, diagnostic use of impedance measures emphasized the identification of middle ear disorder. Although the potential for measuring nervous system integrity by the acoustic reflex was known, it was not until the 1969 report by Anderson et a1 (10) that the potential was realized for acoustic reflex measurement to be exploited clinically in the differential diagnosis of retrocochlear pathology. They reported that contralateral acoustic reflex thresholds were present at abnormally elevated sensation levels (SLs) in ears with acoustic tumor. They also reported that acoustic reflex amplitude decayed rapidly when sustained signals were presented to these ears.
The implication of these results to the diagnostic utility of impedance measures was at least mildly overwhelming.
Not only could middle ear function be measured, but, by extension of the same practical techniques, retrocochlear disorder could be differentiated objectively from cochlear disorder.
By this time, excitement about impedance measures was growing rapidly. Their routine use awaited only clinical verification and widespread availability of instrumentation. Late in 1969, the newest version of an electroacoustic bridge, the Madsen ZO 70, reached the United States. It's availability marked a turning point in immittance testing.
Clinical Validation of Acoustic Reflexes
It is based largely on the contributions of James Jerger during the early 1970s that immittance audiometry earned its way into routine clinical use. With the ZO 70 bridge, Jerger and his colleagues began routinely measuring tympanometry, static compliance, and acoustic reflex thresholds on all patients seen in their clinic. By administering an immittance test battery to large numbers of clinical patients, they began to see patterns of results that typified various disorders and clinical populations. In a now classic paper on clinical experience with immittance audiometry, Jerger (1 1) reported on results from over 400 consecutive patients. Among other major contributions he demonstrated a powerful diagnostic synergy in the various impedance measures. He showed that isolated use of any of the measures was limited by ambiguity but that, in combination, they were of great diagnostic value. This paper was followed by a series of reports about the immittance test battery that validated its clinical usefulness (12) (13) (14) .
In the middle 1970s, Jerger and colleagues extended these concepts to the identification of VIIIth nerve (1 5 ) and brainstem disorder (16) (17) (18) . At the same time, other laboratories were beginning to report similar effectiveness of the acoustic reflex in identification of neuropathology
Ipsilateral Acoustic Reflex
The next major contribution to use of acoustic reflex testing for diagnostic audiology was the development of practical methods for measuring ipsilateral or uncrossed acoustic reflexes. A new version of the electroacoustic bridge (Madsen ZO 72) soon became available that had the capability of measuring uncrossed reflexes. Interestingly, the original idea was that measurement of the uncrossed reflex would replace that of the contralateral or crossed reflex. This was based on the early focus on middle ear disorder and the idea that the crossed reflex was simply a method that had to be tolerated because of instrumentation limitations. An early report in 1970 by Greisen and Rasmussen (22) of the potential diagnostic use of crossed and uncrossed reflexes went largely ignored for a time.
In late 1974, Jerger began to collect clinical data on the potential diagnostic use of crossed and uncrossed reflexes. He formally classified patterns of abnormality (23, 24) and demonstrated the tremendous diagnostic value of measuring all four reflexes. Once again, he alluded to the paradox that seems to permeate immittance audiometry, that crossed and uncrossed results were rather ambiguous in isolation but powerful in combination.
(19-21). During this same time period, another major contribution was made to the use of acoustic reflexes. In 1972, Niemeyer and Sesterhenn (25, 26) reported an important new idea, the use of cochlear bandwidth effects on the acoustic reflex to predict degree of hearing loss. In 1974, Jerger et al (27) tried to simplify the procedure and reported its successful application, especially in children. Although numerous encouraging reports followed (28, 29) , many others amplified its weaknesses. Some argue that prediction of hearing loss by the acoustic reflex is not altogether useful because of its lack of precision [see Silman et al. (30) for an excellent summary]. Yet it continues to be clinically useful because of the powerful crosscheck to behavioral audiometry that it provides in the testing of children.
Suprathreshold Reflex Measurement
Throughout the evolution of the acoustic reflex threshold measurement as a diagnostic tool, there has been a concurrent development of interest in suprathreshold characteristics of the reflex. Following the report of Anderson et al (lo) , reflex decay or adaptation has been studied extensively and has been found to be rather sensitive to VIIIth nerve disorder (1 5, 19-2 1,3 1-37) . In many clinical settings, it has become a routine measurement in the impedance test battery. Because its measurement does not rely on specialized instrumentation, it has gained much more widespread acceptance than measurement of either reflex latency or amplitude.
Normal aspects of reflex latency and amplitude have been studied for decades. But it was not until the middle 1970s, based largely on the work of , that their potential for clinical usefulness was demonstrated. As instrumentation developed, however, these measures have gained some degree of popularity.
In the United States, Mangham and associates (34, 41 ) demonstrated that acoustic reflex latency was delayed in patients with VIIIth nerve disorder. This was followed shortly by reports from Clemis and Sarno (42) that latency could be measured routinely as a part ofthe clinical battery and that it was a sensitive indicator of acoustic tumor. Others disagreed and reported that it was not abnormal in VIIIth nerve disorder (43, 44) , but that it was abnormal in brain stem disorder.
Acoustic reflex amplitude measurement has always been plagued by large intersubject variability. It was not until the late 1970s and early 1980s that methods for reducing variability (45, 46) were proposed. Several reports have suggested that amplitude may be the reflex parameter that is the most sensitive indicator of neuropathology.
Historical Summary
The acoustic reflex in diagnostic audiology has a long history. It was first reported to be reliably measured in clinical patients in 1946. Developments in instrumentation permitted easy measurement, but it was largely ignored in clinical practice for decades as emphasis was placed on the objective measurement of middle ear disorder. In 1969, the acoustic reflex was shown to be a sensitive measure of VIIIth nerve disorder. Then, riding the coattails of instrumentation developed for tympanometric assessment of middle ear disorder, the acoustic reflex was studied clinically in conjunction with other impedance measures and shown to be a valuable diagnostic tool. The addition of routine measurement of uncrossed reflexes allowed for successful differentiation of middle ear from cochlear, cochlear from VIIIth nerve, and VIIIth nerve from brain stem disorders. Finally, advances were made in the measurement of suprathreshold reflex properties that increased the diagnostic sensitivity of the acoustic reflex measurement.
CURRENT CLINICAL CONCEPTS
Acoustic Reflex Threshold
The acoustic reflex threshold has been used successfully to differentiate cochlear from VIIIth nerve disorder (10, 15, 19-2 1,3 1,32,36,47) . Whereas reflex thresholds occur at reduced SLs in ears with cochlear hearing loss, they are typically elevated or absent in ears with VIIIth nerve disorder. Likewise, acoustic reflex thresholds are often abnormal in patients with brainstem disorder ( 16-18, 22, 39, 48-55) . Comparison of uncrossed and crossed reflex thresholds have also been found to be helpful in differentiating VIIIth nerve from brain stem disorder (23, 24) . Although threshold testing has been found to result in high false-positive rates especially when measured in isolation (56), and despite the acknowledged sensitivity of auditory brain stem response in VIIIth nerve detection, acoustic reflex threshold testing remains a necessary and valuable screening tool for retrocochlear pathology.
Recent evidence suggests that detection of acoustic reflex threshold may vary as a result of the measurement instrumentation. Mangham and Lindeman (57) showed that some patients with acoustic tumor whose crossed reflexes were not detectable on commercial instrumentation actually had reflexes, but that they were too small in amplitude to be detected without signal averaging. Karlsson and Hagerman (58) compared threshold detection by laboratory instrumentation to that by a commercial apparatus. They found thresholds obtained with the commercial apparatus to be elevated by 2 to 4 dB. In a recent report, we (59) presented results from a patient with an acoustic neuroma. Although crossed acoustic reflex thresholds measured on a commercial immittance meter were as much as 10 dB poorer on the pathological ear than on the good ear, thresholds for both ears were within 2 dB when a signal averaging technique was used. It appears that narrow bandpass filtering used on commercial meters effectively raises the noise floor of the recording device to such an extent that reflexes of small amplitude are not detectable. With signal averaging, relatively less filtering is necessary, and reflexes can be detected at smaller amplitudes of their growth functions. The concept is depicted in Figure 1 amplitude growth function will not be detected until signal presentation is at significantly higher intensity than that necessary for the good ear to reach the same amplitude. For this example, reflex threshold for the good ear would be 85 dB HL and for the tumor ear would be 95 dB HL. If the noise floor were lowered (A), threshold for the good ear would be 84 dB HL and for the tumor ear would be 86 dB HL. As immittance instrumentation advances, threshold detection will become more accurate. This may result in a rather unfortunate paradox. If reflex threshold elevation and absence in ears with tumors is sometimes an instrumentation artifact caused by reduced reflex amplitude, then enhanced equipment signal-to-noise ratio will reduce the amount of elevation and, consequently, decrease sensitivity of the reflex threshold measurement.
Acoustic Reflex Decay
Acoustic reflex decay or adaptation is often used routinely as a part of the immittance audiometry battery to differentiate cochlear and VIIIth nerve disorder. Various measurement techniques and criteria for abnormality have been suggested (60). Reflex decay has been shown to be a sensitive measure of VIIIth nerve disorder ( 15, 19-2 1, 3 1-37). It has also been reported to be abnormal in patients with brain stem pathology (24, 50) and neuromuscular disease (61-63).
One of the problems associated with reflex decay testing is a high false positive rate in patients with cochlear hearing loss. Positive reflex decay has been reported in as many as 27% of patients with Meniere's disease (35). Although this false positive rate can be lowered by altering the criterion for normalcy, the increase in specificity is inexorably accompanied by a decrease in sensitivity (64).
Another, more practical problem with reflex decay testing has begun to occur as a result of presentation of sustained signals at high intensities. Several case reports (65-68) have documented temporary or permanent auditory changes in patients following reflex testing. Although signal levels used for routine clinical testing do not exceed damage risk criteria, the criteria are based on data that are more or less normally distributed. Thus, it is possible that there is a small percentage of the population in the lower end of the distribution who may be susceptible to damage from the high intensity signals used for decay testing. Recent increases in litigation in this area warrant special concern. Despite these problems, acoustic reflex decay testing remains a simple, viable diagnostic screening tool for retrocochlear pathology. Judicious interpretation in the presence of other tests in the diagnostic battery may help to overcome some of the difficulty resulting from high false positive rates. There may also be some procedural changes that will lower this rate.
Acoustic Reflex Latency
Acoustic reflex onset latency and rise time have also been used as diagnostic tools for differentiation of cochlear and retrocochlear disorder. Latencies have been shown to be delayed in ears with VIIIth nerve disorder (34, 41, 42) , multiple sclerosis (38, 39, 54, 55, 69), and various other brain stem lesions (38, 39) . Despite reports of onset latency as a sensitive measure of these retrocochlear disorders, at least two problems have been encountered in the measurement of latency.
First, there is some question about the existence of onset latency delays in patients with VIIIth nerve disorder. Initial reports of delayed latency in patients with acoustic tumor led to optimism about exploiting the measure clinically; however, based on data gathered on experimental lesions in animals (43) and on patients with acoustic neuroma (44, 70) , it appears that latency delay may be nothing more than an artifact of amplitude reduction. That is, VIIIth nerve disorder results in reflex amplitude reduction. Under normal circumstances, latency increases as amplitude decreases. Thus, abnormally decreased amplitude will result in longer latency, but the latency will be normal for that particular amplitude. If amplitudes from the good and disordered ears are matched, no latency delays are observed.
Second, there are numerous instrumentation factors that must be considered for accurate measure of latency and rise time (71). Response time characteristics of immittance instruments can adversely affect measurement of suprathreshold temporal aspects of the reflex. Recently, we (70) showed an example of the difference between temporal characteristics of a commercial instrument and those of a laboratory signal averaging apparatus. Figure 2 shows the rise time of our apparatus and that of the Grason-Stadler model 1723 oto-admittance meter. Rise characteristics for the GS 1723 are based on data supplied by Shanks et a1 (72) for their own instrument and for an instrument of Popelka and Dubno (73) . Also plotted in Figure 2 are mean, fastest, and slowest rise characteristics based on data from 24 normal hearing subjects. The reflex eliciting signal was a 500 Hz tone burst at 100 dB SPL. Mean acoustic reflex rise times for these normal hearing subjects was actually faster than rise time of the GS 1723.
Only reflexes with the slowest of rise times would be accurately represented in terms of temporal fidelity. Despite these measurement difficulties, reflex temporal characteristics have been found to be sensitive to brain stem disorder. In this capacity, and as clinical instrumentation advances, reflex latency will undoubtedly prove to be a useful clinical measure.
Acoustic Reflex Amplitude
Acoustic reflex amplitude is a suprathreshold measure that has received relatively little attention as a diagnostic measure. One major problem in its application is the large intersubject variability in amplitude [for a review, see Silman (74) ]. Others include the interaction with signal parameters, the effect of patient age, and the difficulty of direct comparison of uncrossed to crossed amplitudes because of differences in transducers. Despite these problems, depressed reflex amplitudes have been reported in patients with VIIIth nerve tumors (34, 44, 46, 59) , multiple sclerosis (38, 39, 46, 54, 55, 59, 69) , and other brain stem disorder (38, 39) .
One of the most recent advances in diagnostic amplitude applications is the simultaneous measurement of crossed and uncrossed reflexes. Jerger et a1 (45) described a laboratory system for such recordings in 1978. The technique consisted of a dual probe assembly and computerized signal averaging. A signal is presented to one ear through an ipsilateral probe transducer and both the crossed and uncrossed reflex are measured simultaneously. A signal is then presented to the other ear, and the measurement is repeated. Signals are alternated between ears eight times, and the resultant reflexes are signal averaged. This process results in the measurement of all four reflexes, right uncrossed, right crossed, left uncrossed, and left crossed. Amplitudes are usually analyzed on an intrasubject basis, thus reducing some of the variability of the amplitude measurement (46, 75) .
With this procedure, interesting patterns of reflex amplitude abnormalities have been found in patients with various types of neuropathology (46, 59, 75, 76) . The analysis of crossed and uncrossed reflex amplitudes is essentially analogous to reflex threshold patterns described previously (23) . But there is evidence to suggest that reflex amplitude is a more sensitive measure than threshold.
An illustrative case will be presented to demonstrate the diagnostic potential of this procedure. Patient E. T. was a 52-yr-old female referred to the Audiology Service of The Methodist Hospital in Houston, Texas as part of a diagnostic work-up for a suspected right acoustic tumor. She had a history of dizziness that occurred 13 years prior and reoccurred 2 weeks before testing. She also reported right ear tinnitus. Routine audiometric results are shown in Figure 3 . She had essentially normal hearing sensitivity for both ears. Speech audiometric results were characterized by significant rollover of the performance-intensity function for the synthetic sentence identification (SSI) test for the right ear, consistent with retrocochlear disorder. Crossed and uncrossed reflex thresholds were present at normal levels, although there was slight asymmetry and an absent crossed acoustic reflex at 4000 Hz with sound to the right ear. Auditory brain stem responses (ABR) are shown in Figure 4 . They were normal for the left ear and showed no identifiable waves above wave I for the right ear. Although the right ear ABR result has been associated with both VIIIth nerve (77) and brain stem disorder (78), it has been our experience that an enhanced wave I in the absence of later waves is seen more typically in patients with brain stem disorder. In an attempt to confirm our suspicion, we camed out advanced reflex measures.
E. T. was tested with the reflex averaging technique described above (59). Results are shown in Figure 5 . Although the left uncrossed, left crossed, and right uncrossed reflexes were of normal amplitudes and latencies, the right crossed amplitude was significantly depressed. This resulted in an abnormal central pathway index (CPI) (46) . We believed that these results could not be explained by the presence of an VIIIth nerve tumor. We reasoned that a lesion at a level as peripheral as the VIIIth nerve which carries the afferent information for both the crossed and uncrossed reflex could not differentially depress the right crossed reflex amplitude and spare the right uncrossed amplitude. Rather, we suspected that the lesion was at a level higher in the brain stem, affecting only the crossed reflex pathway. On the basis of these results, a radiographic study by magnetic resonance imaging (MRI) was carried out and showed demyelinating placques in the lower brah stem.
We feel that this case illustrates two benefits of amplitude measurement. First, it extends our confidence in using acoustic reflex amplitude measures to differentiate VIIIth nerve from brain stem disorder. Second, it provides an example of the increased sensitivity accmed from the use of suprathreshold rather than threshold measures of the acoustic reflex.
Sensitivity of the Acoustic Reflex in Identifying MS
Perhaps one of the more exciting advances in diagnostic use of the acoustic reflex is the recent finding of increased sensitivity by addition of suprathreshold measures in the identification of multiple sclerosis. Previous prevalence estimates of abnormal threshold elevation and reflex decay in patients with MS ranged from 21% (52) to 60% (53). We studied reflex abnormalities in 122 patients with confirmed MS and found a prevalence of threshold elevation in only 23% (54). When we combined measurement of absolute amplitude, relative amplitude indices, onset latency, and offset latency with threshold elevation, the prevalence of abnormality increased to 75%. In 69% of the patients with reflex abnormality, reflex thresholds were present at normal levels, but one or more suprathreshold characteristics were abnormal. In another recent study, Jerger et a1 (55) reported auditory test battery results from 62 patients with diagnosed MS. The battery consisted of ABR, masking level difference, speech audiometry, and acoustic reflex threshold and suprathreshold measures. They found that either the acoustic reflex, ABR, or speech audiometry was abnormal in 90% of patients with MS. Interestingly, the highest MS identification rate was by the acoustic reflex (7 1 %), followed by speech audiometry (62%) and ABR (52%).
CONCLUDING COMMENT
The acoustic reflex in diagnostic audiology has come a long way from Metz's objective test of recruitment. It has been used successfully to differentiate middle ear from cochlear, cochlear from VIIIth nerve, and VIIIth nerve from brain stem disorder. Emphasis on clinical measurement of suprathreshold characteristic promises to enhance further its diagnostic value. We await the development of commercial instrumentation to permit more definitive measurement.
